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Abstract: Influenza B virus (IBV) significantly impacts the health and the economy of the global
population. WHO global health estimates project 1 billion flu cases annually, with 3 to 5 million
resulting in severe disease and 0.3 to 0.5 million influenza-related deaths worldwide. Influenza B
virus epidemics result in significant economic losses due to healthcare expenses, reduced workforce
productivity, and strain on healthcare systems. Influenza B virus epidemics, such as the 1987-1988
Yamagata lineage outbreak and the 2001-2002 Victoria lineage outbreak, had a significant global
impact. IBV’s fast mutation and replication rates facilitate rapid adaptation to the environment,
enabling the evasion of existing immunity and the development of resistance to virus-targeting
treatments. This leads to annual outbreaks and necessitates the development of new vaccination
formulations. This review aims to elucidate IBV’s evolutionary genomic organization and life cycle
and provide an overview of anti-IBV drugs, resistance, treatment options, and prospects for IBV
biology, emphasizing challenges in preventing and treating IBV infection.
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1. Introduction

The influenza virus has a significant global impact, causing billions of cases, millions
of severe cases, and hundreds of thousands of deaths annually [1]. Influenza is an acute
respiratory infectious disease that is caused by the influenza virus. About 5% to 10% of
adults and 20% to 30% of children are infected with the influenza virus every year [2].
Influenza viruses can be divided into three types, A, B, and C, according to the antigenicity
of nucleoproteins, among which A and B are the primary pathogens that cause human
influenza [3]. The frequency of localized epidemics caused by influenza B viruses has
increased worldwide in recent years [4,5]. Influenza viruses rapidly evolve with antigenic
diversity, resulting in new hemagglutinin and neuraminidase proteins. Antigenic shifts
can cause pandemics, and antigenic mutation contributes to global impact [4]. Vaccina-
tions since the 1960s have reduced the number of influenza cases, and antiviral drugs
(neuraminidase and viral polymerase inhibitors) treat influenza B. The vaccine’s efficacy
is approximately 60% in a good season. In case of mismatch with current circulating
strains, its effectiveness decreases from 10% to 20% [6]. However, the vaccine’s estimated
overall efficacy stands at 38% (62% against the flu A[HIN1] pdm09 viruses, 22% against flu
A[H3N2] viruses, and 50% against the influenza b virus) [7]. Several factors influence the
efficiency of influenza vaccines [7]. One of the major factors is that the genes in various
strains of influenza viruses undergo constant mutations, altering the surface proteins and
enabling the virus to evade the host’s immunological response. This phenomenon, termed
antigenic variation, allows the virus to avoid detection, thereby increasing its virulence by
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circumventing the body’s pre-existing immune defense. In cases where the mutation is
gradual and minor, the host (human) may manage to trigger an immunological response
by producing antibodies. This gradual transformation over time is called antigenic drift [8].
Other factors influencing vaccine efficacy include the recipient’s age and health, the types
and subtypes of circulating virus strains, and the degree of homology between the circu-
lating virus and those included in the vaccine [7]. However, antiviral drug resistance is
a serious concern. This review discusses the evolution, genomic organization, life cycle,
anti-IBV drugs, resistance, and future therapies of the influenza B virus.

2. Epidemiological Histories

In this section, we summarize the historical background of influenza virus circulation
and its impact on epidemiology, immunology, and vaccination. Since 1889, several Influenza
A virus pandemics have significantly affected the human immune system, with the H3N8
and HIN1 viruses presumed responsible for the 1889 and 1918 pandemics (Figure 1) [9].
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Figure 1. Epidemiological history and co-circulation of influenza virus.

The HINT1 virus, causing the deadliest pandemic in modern history with 50 to
100 million deaths worldwide, was identified through sequencing in 1997 and revived in
2005 [10,11]. Following the 1918 pandemic, HIN1 viruses continued circulating in humans,
and the 1957 Asian pandemic introduced the H2N2 virus, causing approximately 2 million
deaths [12]. The emergence of the H3N2 virus during the Hong Kong pandemic in 1968
led to the replacement of the H2N2 subtype due to population resistance to sub-immuno-
dominant components [13]. In 1977, the HIN1 virus re-emerged, co-circulating with H3N2
until the sixth pandemic in 2009, caused by the introduction of a unique HIN1 lineage [14].
Zoonotic strains, such as HSN1, H6N2, H7N1, H7N7, and HIN2, have been reported to
infect humans [15]. In 2013, H7N9 posed a serious threat to human health in China [16].
Influenza B viruses have been co-circulating since 1891, leading to a complex immunologi-
cal environment. The WHO identified B/Yamagata/16/1988 (B/Yamagata lineage) and
B/ Victoria/2/1987 (B/Victoria lineage) by monitoring in the late 1980s [17].

The influenza virus pandemic also leads to economic loss. The present study con-
cluded a short comparative analysis between China and the USA (Table S1 and Figure S1).
Both China and the USA incur substantial economic losses due to influenza. China’s larger
population and higher population density can lead to rapid transmission and significant
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healthcare costs and absenteeism [18]. The lower population density does not prevent
substantial losses in the USA, with higher per capita healthcare costs and productivity
impacts. Factors such as vaccination rates, healthcare infrastructure, and public health
policies influence the extent of these economic burdens in each country [19].

3. Organization of Genome

IBVs are from the Orthomyxoviruses family, which comprises negative-sense single-
stranded RNA with a segmented genome. IBVs include eight segments and are encodes
for glycoproteins, matrix proteins, BM2 ion channels, polymerase proteins, nuclear export
proteins, nonstructural proteins, and nucleoproteins (Figure 2) [20,21]. None of the IAV
“accessory” proteins, such as PB1-F2 or PA-X, are encoded by IBVs. In general, there are
significant differences between IAV and IBV proteins in terms of the length, function, and
composition of amino acids [22]. IBV proteins are discussed below.
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Figure 2. (A) Structure of influenza B virus. (B) Genome organization. (C) viral ribonucleoprotein complex.

3.1. The Hemagglutinin

IBV’s HA protein facilitates virus attachment to host cells through interactions with
sialic acids [23]. It can bind to both «-2,3- and «-2,6-linked sialic acids. Structurally,
IBV HA forms a functional homo-trimer with a globular membrane-distal region and
an extended membrane-proximal region. Notably, there are significant differences in the
receptor-binding site (RBS) between IBV HA and IAV HA, particularly at position 95, where
IBV has phenylalanine, while IAV has tyrosine [17]. Phenylalanine at position 95 in IBV
HA contributes to its lower affinity and ability to bind human-like and avian-like receptor
analogues. Mutations that replace phenylalanine with tyrosine improve receptor binding
similar to IAV and reduce adherence to avian-like receptor analogues [21]. Unlike IAV, the
HA protein of IBV does not play a significant role in pathogenicity [20].

3.2. The Neuraminidase

IBV’s NA protein, like IAV NA, cleaves sialic acid to release new virions from the
cell surface. Despite a 30% sequence homology, IBV NA has structural similarities to IAV



Curr. Issues Mol. Biol. 2024, 46

186

NA. IBV NA forms a tetramer with a Ca2+-binding region and two glycosylation regions
(Asn143 and Asn283) in each monomer. Asn143 is conserved across influenza viruses,
while Asn283 is specific to IBV [22]. The active site of NA consists of 19 conserved residues,
including R118, D151, R152, R224, E276, R292, R371, and Y406, which interact with sialic
acids, and E119, R156, W178, 5179, D198, 1222, E227, H274, E277, N294, and E425, which
maintain its structural integrity. Neuraminidase inhibitors (NAls) approved for treating
influenza may not effectively target the IBV [23].

3.3. The NB Protein

IBV’s segment 6 encodes NB, overlapping with the NA gene. NA'’s start codon
follows NB’s start codon by four nucleotides [20]. NB is a glycoprotein of around 100
amino acids in the virion, with modified N-glycosylation regions containing N-acetyl-
glucosamine residues [20]. The palmitoylation of C-terminal residues is required for
NB'’s cell surface transport [24]. Previous studies suggest NB’s potential ion channel
functionality based on comparisons with influenza A virus’s M2 protein [25]. Assessing
NB'’s electrophysiological properties using lipid bilayers is challenging due to hydrophobic
proteins and peptides exhibiting channel-like behavior [26]. Studies questioning NB’s
channel activity contradict its assumed role as an ion channel protein, despite amantadine’s
inability to inhibit influenza B virus growth [20]. NB’s purpose and function have remained
enigmatic for over 30 years, and understanding it may contribute to the development of
innovative live attenuated vaccines [27].

3.4. The Matrix Protein (BM1)

IBV’s M1 protein, encoded in segment 7, is vital in the B/Ann Arbor/1/66 master
donor strain of the live attenuated influenza vaccine (LAIV) and IBV transformation in
mice [28]. The precise role of M1 in the IBV life cycle is unclear, but it shuttles between the
nucleus and cytoplasm, possessing nuclear export signals and a nuclear localization signal
(NLS) [29]. Further research is required to elucidate the specific functions of BM1 and its
resemblance to IAV M1.

3.5. The BM2 Ion Channel

BM2, encoded in segment 7, enters virions via the trans-Golgi network (TGN). It
integrates vRNP similar to AM2, supporting virus viability. BM2 exhibits ion-conducting
activity and shares similarities with AM2 in endosome acidification and Golgi pH adjust-
ment. Its crystal structure reveals coiled-coil tetramers with polar-pore-lining residues,
rendering adamantanes ineffective against BM2. Recent studies suggest a potential role of
BM2 in inhibiting p53-mediated apoptosis and transcription. BM2 is expressed from a sin-
gle mRNA molecule that translates both BM2 and M1 coding sequences with overlapping
termination and start codons. The 45 nucleotides preceding the pentanucleotide sequence
(UAAUG) within the M1-coding region are critical for BM2 expression. The upstream
sequence of the pentanucleotide shows homology with the small ribosomal subunit (185
component), and translation initiation factor eIF3 and the mRNA-rRNA association are
essential for BM2 expression. Initially discovered in BM2, this termination-reinitiation
process is observed in other viruses, including caliciviruses [30-34].

3.6. The Nucleocapsid Protein

IBV nucleoprotein (BNP) differs significantly from IAV nucleoprotein (ANP) in struc-
ture and function. BNP lacks ANP’s NLSs and has a longer N-terminus with a unique 50
amino acid region. BNP’s structure includes a head, body, and long tail, with essential
lysine clusters for RNA binding in the charged loop (residues 125-149). BNP’s extensi-
ble tail loop facilitates homo-oligomer formation, similar to ANP [22,35]. A conserved
salt bridge (R472-E395 in BNP and R416-E339 in ANP) stabilizes loops and promotes
homo-oligomerization, making it a potential therapeutic target [36]. BNP’s N-terminus is
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involved in nuclear localization through the K44RTR47 motif, and its removal affects virus
replication and transcription [37].

3.7. The NS1 Protein

IBV’s NS1 protein (segment 8) is vital for virus replication [38]. It has an N-terminus
(residues 1-90), C-terminus (residues 120-281), and associated domain (residues 91-119) [39].
NS1B localizes in the cytoplasm and interacts with importin «3, SC35 nuclear factor, and
RNA. Unlike IAVs, NS1B does not hinder mRNA export but affects antiviral and host
mRNA export [40]. NS1B inhibits IFN-o«f activation and nuclear translocation, increas-
ing IFN expression and promoter activation in IBV when absent [41]. NS1B acts as an
IFN response inhibitor, complementing NS1A IAV growth [42]. The C-terminus inhibits
IFN promoter activity, while the N-terminus limits PKR kinase activation. NS1B blocks
interferon-stimulated ISG15 protein, contributing to IBV host restriction. NS1B and NS1A
have distinct roles in evading the innate immune response, with ISG15 playing a critical
antiviral role against IBV. NS1B-deleted viruses attenuate in IFN-insufficient Vero cells,
indicating additional functions of NS1B [43].

3.8. The NEP or NS2 Protein

IBV’s NEP facilitates nuclear export with a specific signal sequence in its N-terminus.
It accumulates in the nucleus during late infection and then relocates to the cytoplasm near
the plasma membrane for virion budding. NEP is a component of the vRNP complex in
virions, and in contrast to AV, NEP directly interacts with vRNP and BM1 in IBV. While
the exact role of IBV NEP remains uncertain, it likely shares a similar function to its IAV
counterpart [22,44].

3.9. Noncoding Sequences

Influenza viruses have noncoding regions that contain packaging signals and act
as viral promoters for replication. These regions are crucial for vRNA replication in
IBV [45]. Highly conserved sequences near the termini, such as 5-AGCAGAAGC-3’ and
3’-TCATCXTTGT-5, form secondary RNA structures through complementarity. Noncoding
sequences, varying between segments but consistent within each segment, are located
alongside the coding sequences in the long terminal regions. Understanding these noncod-
ing sequences is essential for reverse genetics systems and creating chimeric IAVs/IBVs for
potential vaccines [5,10,46].

4. Life Cycle of Influenza Virus

The influenza virus life cycle begins with HA binding to sialyl oligosaccharides on the
host cell surface, leading to viral attachment. The virus enters the host cell through receptor-
mediated endocytosis and undergoes fusion with the endosomal membrane, triggered by a
pH change and the M2 ion channel. This releases uncoated vRNP complexes into the cytosol.
Once inside the nucleus, vVRNP complexes replicate and transcribe vRNA, generating viral
proteins. The newly produced vRNAs are transported to the cell membrane, cleaved by
neuraminidase, and released as influenza, of which a virion is shown in Figure 3 [10].

4.1. Influenza Virus Entry

The influenza virus life cycle initiates with viral attachment to the host cell surface,
facilitated by the interaction of HA with sialyloligosaccharides on the cell membrane.
Using receptor-mediated endocytosis, the virus enters the host cell, where it is contained
inside an endosome. The low pH in late endosomes triggers a structural change in HA,
controlled by the M2 ion channel. The process culminates in a fusion of the viral and
endosomal membranes. This results in the release of uncoated viral ribonucleoprotein
(VRNP) complexes into the host cell cytoplasm. Neuraminidase cleaves freshly generated
vRNPs after they have been transported to the cytoplasm and integrated by viral proteins
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at budding sites within the host cell membrane. These VRNPs are then discharged as
influenza virions. (Figure 3) [47].
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Figure 3. Life cycle of influenza virus.

4.2. Viral Ribonucleoproteins’ (VRNPs) Entry into the Cell Nucleus

The viral RdRp is composed of three different types of viral proteins (PA, PB1, and
PB2). The nuclear localization signals (NLSs) of these proteins have the potential to bind
to the cellular nuclear import apparatus, which makes it easier for the proteins to enter
the nucleus. The most important NLS for the vRNP nuclear entrance is still unknown.
Notably, the nuclear import happens via a Crm1-dependent pathway, which involves
binding several karyopherins like importin o and 3 [48].

4.3. Replication and Transcription

The influenza virus, with negative-sense RNA strands, undergoes transcription by
converting the genome into positive-standard RNA, acting as a template for the synthesis
of viral RNA. Genome replication occurs without primers as the virus’s RNA-dependent
RNA polymerase (RdRp) begins internal synthesis. Partial inverse complementarity at the
genome’s extreme ends facilitates the formation of corkscrew structures. The complete repli-
cation mechanism remains unknown despite the presence of di-nucleotide base pairs [49].
Mature cellular messenger RNAs (mRNAs) have a poly(A) tail and a 5" methylated cap.
Although vRNPs lack 5’ caps, they possess poly(A) tails. The absence of a 5’ cap in the viral
genome puzzled researchers until they discovered that the viral mRNAs had a poly(A) tail
and a 5’ methylation cap. Further research revealed that the 5’ methylation caps of viral
mRNAs are associated with cellular mRNAs, leading to the “cap-snatching” method [50].
The viral RdRp, composed of PA, PB1 and PB2, utilizes PB2 to cleave the 3’ caps’ regions
with 10-15 nucleotides. The viral RdRp initiates transcription using cellularly bound RNA
fragments [51]. The cellular cap synthesis complex activates when transcription initiation
involves cellular RNA polymerase II (Pol II) attaching to DNA, with the phosphorylation
of serine five on Pol II's C-terminal repeat domain (CTD). Research indicates that the
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influenza RdRp prefers binding to this form of Pol II, suggesting a potential site for “cap
snatching” [52].

4.4. vRNPs Export

vRNPs most likely use the CRM1-dependent method to exit the nucleus through
nuclear pores. In the lack of clear GTP hydrolysis activity, direct contacts between NP
and CRM1 suggest an unusual export mechanism. M1’s C-terminal end directly binds to
vRNPs, and its N-terminal region has a putative NLS connected to vRNP import. M1’s
N-terminal segment can bind to NEP, hiding the NLS. NEP forms a compound with CRM1
after GTP hydrolysis, which may indicate a “daisy-chain” export route for vRNPs from the
nucleus [52].

4.5. Budding Host Cell Plasma Membrane

After the exit of vRNPs from the nucleus, the virus assembles and leaves the host
cell by utilizing the plasma membrane. Essential viral proteins (HA, NA, and M2) are
crucial for particle generation. Elongated particles result from modifying the M2 tail. M1,
beneath the lipid bilayer, aids in particle closure and budding. Sialic acid cleavage by NA
is essential for viral particle release from the plasma membrane [47,53,54].

5. Treatment: Anti-IBV Drugs and Resistance

Neuraminidase inhibitors, viral polymerase inhibitors, and antiviral drugs are likely
aimed at reducing the severity of symptoms and limiting the spread (Figure 4).

Treatment: Viral
Anti-IBV Drugs LANINAMIVIR Polymerase
and resistance Inhibitors (Pls)
Neuraminidase BALOXAVIR
Inhibitors (NIs) RNV MARBOXIL

Favipiravir (T-

ZANAMIVIR OSELTAMIVIR 705)

Figure 4. Treatment anti IBV drugs and resistance.

5.1. Neuraminidase Inhibitors (NIs)

In 1948, the idea of using neuraminidase inhibitors (NI) as antiviral drugs emerged.
After extensive research, zanamivir (Relenza®) and oseltamivir (Tamiflu®) were developed
in 1999 and 2000, respectively. More recent additions to this class include peramivir
(Rapivab®, Rapiacta®, PeramiFlu®, and Alpivab®) in 2010 and laninamivir (Laninamivir®)
in 2014 [55]. Neuraminidase inhibitors and resistance are described below, the structural
chemical composition is shown in Figure 5, and the resistance-conferring mutation of the
Influenza B virus to neuraminidase and polymerase inhibitor is shown in Table 1 [55].

5.2. Zanamivir (Relenza®)

Zanamivir, a 4-deoxy-4-guanidino analog of DNA, is administered through oral in-
halation due to its limited oral bioavailability (2-10%). It is primarily deposited in the
mouth and throat, important sites of influenza infection [56]. Zanamivir is recommended
for treating influenza in patients aged 7 years and above, with symptoms lasting no more
than 2 days. A 1% solution is advised for children above 6 months old. In severe cases or
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when other treatments fail, the intravenous form of zanamivir (Dectova®) may be used.
Zanamivir is hydrophilic and eliminated in its unmodified form by the kidneys [57]. In
IBV, zanamivir’s effectiveness is reduced by specific NA mutations (R371K, G108E, D197N,
1221T, T146K, and T146P). Combing T146P with a second mutation at N169S further de-
creases the efficacy of neuraminidase inhibitors. Additional NA mutations (H101L, A200T,
DA432G, H439P, and H439R) also reduce the effectiveness of neuraminidase inhibitors [58].

Peramivir Laninamivir

T
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(®) ]
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Zanamivir Oseltamivir

Figure 5. Chemical structure of influenza B virus neuraminidase inhibitor.

Contraindications/Adverse Events

Zanamivir is not recommended for pregnant or breastfeeding patients and those with
hypersensitivity to any component of the preparation. Rare adverse effects of zanamivir
include nasal symptoms, headache, dizziness, disorientation, bronchospasm, breathing
impairment, skin rashes angioedema, and urticaria [59].

5.3. Oseltamivir

Oseltamivir is a prodrug that is converted into active oseltamivir carboxylate. It is
recommended for treating influenza symptoms during outbreaks, with up to 30% reduction
in severity if treatment is started within 2 days. Oseltamivir has higher bioavailability than
zanamivir [60]. Influenza A/H3N2 and influenza B viruses with neuraminidase inhibitor
resistance show reduced growth and transmission potential. Resistance usually develops
after prolonged treatment but dissipates upon discontinuation. The R292K mutation confers
resistance to both zanamivir and oseltamivir. Several influenza A and B phenotypes have
reduced susceptibility to oseltamivir and zanamivir [61]. Mutations in the neuraminidase
(NA) gene, such as R371K, H273Y, 1221T, K152M, D197N, T146K, T146P, N169S, G108E, and
A200T, are associated with reduced sensitivity to oseltamivir. Resistance levels can vary
between the B-lineages B/ Victoria and B/Yamagata [62].
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Contraindications/Adverse Events

Patients with hypersensitivity to oseltamivir or any of its ingredients, impaired kid-
ney function, fructose intolerance, chronic cardiac illness, severe hepatic impairment, and
respiratory disease should not use oseltamivir. Nausea, vomiting, abdominal discom-
fort, diarrhea, dyspepsia, headache, lethargy, sleeplessness, disorientation, conjunctivitis,
epistaxis, and skin rashes are all common side effects of oseltamivir. Stevens—Johnson
syndrome, toxic epidermal necrolysis, hepatitis, and mental abnormalities in children
recorded in extremely uncommon circumstances [59].

5.4. Peramivir

Peramivir effectively inhibits the neuraminidase (NA) of influenza A and B viruses,
including highly virulent strains like H5N1 [63]. It is marketed under different names
in different regions, such as Rapiacta® in Japan (2010 approval), PeramiFlu® in South
Korea (2010 approval), Rapivab® in the US (2014 approval), and Alpivab® in the EU
(2018 approval, subsequently removed from the market) [64]. Rapivab® is the only FDA-
approved intravenous neuraminidase inhibitor (NAI) for treating acute and mild influenza,
offering the convenience of a single dose [65]. Certain NA mutations, including T106P,
G104R/G, G145E, 1221T, D197N, A245T, K360E, A395E, D432G, G145R, Y142H, H273Y,
T146K, T146P, N169S, G247D, 1361V, G108E, H101L, A200T, D432G, and H439P, reduce the
efficacy of peramivir [65].

Contraindications/Adverse Events

People who have a history of severe allergic-like reactions to any of the components of
peramivir or other neuraminidase inhibitors (NAIs) should not take peramivir. Notably,
severe allergic hypersensitivity events have been reported in connection with various
nucleoside analog inhibitors, including zanamivir and oseltamivir [66]. Adverse events
including severe allergic responses and hypersensitivity to medications or chemicals have
been linked to erythema multiform, anaphylaxis, Stevens—Johnson syndrome, pregnancy,
breastfeeding, gastrointestinal disturbances, central nervous system effects, hematological
effects, and allergic reactions [67].

5.5. Laninamivir

Laninamivir (Inavir®) is a neuraminidase inhibitor used in Japan. It is a prodrug that
is converted to its active form in the respiratory tract. Orally administered, laninamivir
exhibits prolonged high concentration in the lungs, exceeding the IC50 for influenza virus
for up to 240 h. It binds effectively to viral neuraminidase with a single inhalation dose
of 40 mg, which is sufficient for antiviral effects. Resistance to laninamivir has been
associated with NA mutations, including T146P, N169S, T146K, and A200T in influenza B
virus strains [68].

Contraindications/Adverse Events

Laninamivir is contraindicated in pregnant or breastfeeding individuals and those with
hypersensitivity or allergy. Additionally, it is not recommended for use in patients with se-
vere renal impairment [69]. Adverse events include gastrointestinal symptoms, respiratory
symptoms, headache, dizziness, allergic reactions, and neuropsychiatric events [69].

5.6. Viral Polymerase Inhibitors (PlIs)

PB1, PB2, and PA are the three subunits of the influenza virus’s polymerase, which is
essential for generating viral RNA. Two viral polymerase inhibitors are currently in use,
Baloxavir and Favipiravir. Baloxavir inhibits the PA component, whereas favipiravir blocks
PB1. So, both drugs prevent the mechanism necessary for the virus’s life cycle [70].
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5.6.1. Contraindications/Adverse Events

Baloxavir Marboxil is not recommended for use in pediatric patients under the age of
12 years and those with hypersensitivity, pregnancy and breastfeeding, metabolic distur-
bances, and in rare cases, difficulty breathing. Adverse events include allergic reactions,
changes in blood cell counts, hepatic and renal effects, and central nervous system ef-
fects [71].

5.6.2. Baloxavir Marboxil

Baloxavir (Xofluza®) is a novel anti-influenza medication that is metabolized into
baloxavir acid. It was approved in Japan in 2018 and later in other countries, including
the European Union in 2021. Baloxavir is administered orally and has a long half-life,
requiring a single dose for treatment. It is effective against various influenza A and
B strains, including oseltamivir-resistant strains and subtypes A/H5N1 and A/H7N9.
However, resistance can develop due to substitutions at position PA 138T/M/F. Before
approval, a limited number of viruses with mutations at PA residue 38 were observed. These
findings highlight the impact of I38T and I38M PA substitutions in reducing susceptibility
to Baloxavir in existing influenza B strains [72,73].

5.6.3. Favipiravir (T-705)

Favipiravir (Avigan®) is an antiviral drug that inhibits RNA-dependent RNA poly-
merases. It is administered orally and intravenously to treat influenza A and B in Japan,
particularly during pandemics caused by resistant strains. A recent study identified the
K229R mutation in the PB1 subunit of the influenza virus polymerase, reducing favipiravir
susceptibility in vitro and in a cell culture. However, a compensating mutation (P653L) can
restore viral fitness. The clinical implications of these mutations are still unknown [73].

Table 1. Resistance-conferring mutation of influenza B virus to neuraminidase and polymerase inhibitor.

Resistance-Conferring Mutation of Influenza B Virus to Neuraminidase and Polymerase Inhibitor

Target Site Generic Routes of DrugBank Mutations
L. .. . Accession Period of Time Conferring Worlds Region Techniques Used Ref
Inhibitor Name Administration .
Number Resistance
Chemiluminescent NAI
Respiratory B assay, IC50 analysis,
(inhalation) DBO0558 2004-2005 R371K Hong Kong reverse transcription-PCR, (601
and sequence analysis
Australia, USA,
2014-2015 DI97N, China, Ukraine, None (Report from [61]
. 1221T . global update)
Zanamivir Japan, Russia
e NA activity assay,
TiaeK Philippines fluorometric NAI assay (62]
2018-2020 T146P, N169S,
G247D, 1361V, . NA activity assay,
G108E, H101L, Malaysia fluorometric NAI assay [e2]
A200T, H439P
Neuraminidase
Inhibitors Chemiluminescent NAI
Oral DB00198 2004-2005 R371K Hong Kong assay, IC50 analysis, [60]

reverse transcription-PCR,
and sequence analysis

Chemiluminescent NAI
2011 H273Y Canada assay, IC50 analysis, [63]
sequence analysis

.. Honduras

1t /

Oseltamivir 1221T(NA) Bangladesh,
2014-2015 K152M(NA), A“Stgﬁilif%' N"‘l‘eﬁefoé;fr‘)’m [61]

D197N(NA) . global update
Ukraine, Japan,
Russia
T146K, T146P,
T146P, . NA activity assay,

2016-2019 N169S, G108E, Asia fluorometric NAI assay (621

A200T
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Resistance-Conferring Mutation of Influenza B Virus to Neuraminidase and Polymerase Inhibitor

Target Site Generic Routes of DrugBank Mutations
get ! . . Accession Period of Time Conferring Worlds Region Techniques Used Ref
Inhibitor Name Administration X
Number Resistance
T106P,
G104R/G, Japan, Honduras,
G145E, Australia, USA, None (Report from
Intravenous DB06614 2014-2015 21T, China Ukraine, global update) [61]
D197N, Russia
1221T
1221T, A245T, Chemiluminescent NAI
K360E, A395E, Asia, Africa, assay, IC50 analysis, -
2009-2012 D432G, G145R Oceania reverse transcription-PCR, [65]
Peramivir +Y142H and sequence analysis
Chemiluminescent NAI
Neuraminidase 2011 H273Y Canada assay, IC50 analysis, 1621
Inhibitors reverse transcription-PCR,
and sequence analysis
T146K, T146P,
N169S, G247D, ..
2016-2020 1361V, G108E, Asia q NA activity assay, [62]
H101L, A200T, uorometric NAI assay
D432G, H439P
Respiratory T146P, N169S, . NA activity assay,
(inhalation) DBI12791 2019 T146K Malaysia fluorometric NAI assay [62]
. - S NA activity assay,
Laninamivir 2018 T146K Philippines fluorometric NAI assay [62]
. NA activity assay,
2019 A200T Malaysia fluorometric NAI assay [62]
Minigenome assay for
. lymerase activity,
Polymerase Baloxavir PA-I38T, Reported only polymer R
Inhibitor Marboxil Oral DB13997 2020 PA-I38M in vitro replication kinetics [73]

experiments, In vitro
genetic stability

6. Targeted Therapies

Precise therapies aiming to disrupt specific disease-related molecules are shown in
Figure 6.

Antibody-based | Nucleoprotein
. therapies inhibitor-FA-
. } 6005
*Host cell targeting *Viral polymerase
compound-DAS-181 Inhibitor-5-033188
*Host cell targeting *Antiviral peptides
compound-

Nitazoxanide

Figure 6. Targeted therapies.

6.1. Antibody-Based Therapies

Passive immune defense using broadly neutralizing antibodies (bnAbs) is a promising
strategy for treating viral infections [74]. Researchers have generated bnAbs against the
influenza B virus’s HA protein, aiming to provide protection against multiple strains. Anti-
bodies like CR8033 and C12G6 target the receptor binding site (RBS) on HA, blocking viral
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entry, but they may not effectively prevent entry of all influenza B strains [75]. Developing
potent bnAbs to prevent viral entry is crucial for combating emerging influenza B strains.
Another study produced IgM and IgG bnAbs targeting the RBS of the influenza B virus,
with C7G6-IgM showing strong hemagglutination inhibition (HI) and neutralization against
all tested strains. However, further validation and characterization of these antibodies are
needed to fully understand their antiviral actions and enable the development of universal
vaccines against influenza B [76].

6.2. Host Cell Targeting Compound—DAS-181

Channel blockers, neuraminidase inhibitors, and polymerase inhibitors are approved
treatments for influenza. They are known as direct-acting drugs (DADs). DAS181 (Flu-
daseTM) is an inhalable dry powder with broad-spectrum antiviral properties against
respiratory viruses, including influenza and parainfluenza. It contains a chimeric pro-
tein that breaks sialic acid bonds on host cells, preventing viral attachment. DAS181 has
shown efficacy against parainfluenza in immunocompromised patients. Phase 2 clinical
trials in the USA are currently evaluating its impact on influenza viral load, safety, and
tolerability [10].

6.3. Host-Cell-Targeting Compound—Nitazoxanide

Nitazoxanide (NTZ) is a broad-spectrum antiviral drug that rapidly converts to tizox-
anide (TIZ) upon oral administration [75]. Initially developed for antiprotozoal /helminth
purposes, NTZ is now approved for treating Cryptosporidium infections [77]. It also
exhibits effectiveness against bacterial and viral infections, including respiratory viruses
(e.g., influenza), hepatitis B and C viruses, and gastrointestinal viruses (e.g., rotavirus) [78].

NTZ/TIZ acts through various mechanisms against these viruses. It disrupts viral HA
assembly in influenza, inhibits VP7 production in rotavirus, and activates innate immunity
via PKR activation in hepatitis C [79]. In vitro studies confirm the antiviral activity of
NTZ/TIZ against multiple influenza A (H1, H3, H5, and H7) and B viruses. Combining
NTZ/TIZ with oseltamivir, a virus-targeting antiviral, demonstrates synergistic effects
against oseltamivir-resistant avian and human influenza A virus. However, the efficacy of
NTZ treatment for influenza in animal models remains unknown [80].

6.4. Nucleoprotein Inhibitor—FA-6005

FA-600 is a potent nucleoprotein inhibitor that shows broad antiviral activity against
human influenza A and B viruses. In vitro studies have demonstrated its ability to inhibit
viral replication and impede vRNP movement within cells at multiple stages of the viral
life cycle. FA-600 disrupts crucial steps, including attachment, penetration, replication,
transcription, and exportation. The molecular target of FA-600 is amino acid residue
41, where it binds to the VRNP complex. This interaction reduces the export of NP or
vRNP, hampers the movement of circulating ribonucleoproteins (RNPs) in the cytoplasm,
interferes with viral uncoating and vRNP import, and accelerates the disruption of virion
budding (Figure 3) [81].

6.5. Viral Polymerase Inhibitor—S-033188

S5-033188 is a prodrug that undergoes metabolism to its active form, 5S-033447. This
small molecule inhibits the cap-dependent endonuclease of influenza A and B viruses. In a
mouse model, a single administration of S-033188 reduced virus burden by approximately
2 logs and improved survival compared to oseltamivir-treated mice. In vitro, S-033447
demonstrated high efficacy against a range of influenza A and B viruses. In a phase Il
trial involving 400 adult patients with uncomplicated influenza, three doses of S-033188
(10 mg, 20 mg, and 40 mg) significantly reduced symptom duration and viral titers at 24
and 48 hours compared to placebo. A phase III clinical study (NCT02949011) is currently
underway to evaluate the efficacy of a specific dose of S-033188 compared to a placebo or
oseltamivir in individuals at high risk of influenza complications [82].
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6.6. Antiviral Peptides

Peptides are biologically active compounds that have evolved as an early chemical
defense against various pathogens [83]. They are being considered as potential drugs
due to their selectivity, specificity, and lower side effects compared to traditional drugs.
However, their use is limited by rapid degradation and removal from the bloodstream.
Pulmonary delivery is a promising approach to deliver therapeutic peptides to target cells,
bypassing digestive enzymes [84]. The modification of peptide structures can enhance their
therapeutic targeting [85]. Antiviral peptides prevent viral attachment and fusion, disrupt
the viral coat, and inhibit viral polymerase. Intracellular delivery remains challenging
for peptide-based inhibitors that target viral polymerase or assembly. The repeat admin-
istration of the same peptide may trigger unwanted immune responses. While there are
potential issues to address, careful planning and further research can unlock the potential
of antiviral peptides as a novel class of broad-spectrum medications [83].

7. Concluding Remarks

A common characteristic of viruses and every other organism is genetic drift. It serves
as the basis for adapting to a changing environment and natural selection. RNA viruses
have a faster rate of mutation as compared to DNA. It occurs because RNA polymerase
lacks certain mechanisms to verify and rectify nucleotide attachment during replication.
Influenza viruses are a significant public health concern due to their ability to undergo
genetic changes through processes like mutations, reassortment, and recombination. These
changes can lead to adaptations to new hosts, antiviral resistance, and immune evasion.
The virus’s diversity challenges vaccine development, potentially generating numerous
genetically distinct strains through reassortment.

During the past decades, it has been evident that IBV represents a considerable
role in flu epidemics annually. The specific infection abilities of IBV in adolescents, the
co-circulation of the two different lineages that cause persistent conflict between circu-
lating strains and vaccine, along with the evolution of NAl-resistance-linked mutations
and no possible fitness cost this further suggests the significance of IBV regarding hu-
man pathogens.

The existing anti-influenza drugs appear insufficient to provide a maximum thera-
peutic impact. Neuraminidase and viral polymerase inhibitors are two classes of antiviral
drugs developed, examined, and permitted to be used. Some strains of IBVs show resis-
tance to these inhibitors, as mentioned above. Among them, Baloxavir, a novel medicine in
the market, shows effectiveness towards many oseltamivir-resistant strains and does not
vary substantially in terms of the efficacy and safety of known drugs for the treatment of
influenza. However, more research is needed, and it is highly advised that it be used it
in a broader range of society’s socio-demographic factors and economic loss indications.
Currently, the aim is to use rational antiviral treatment to lower the chance of choosing
resistant strains, and to work with national reference laboratories to monitor influenza
virus resistance.
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NA Neuraminidase
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vRNP  Viral ribonucleoprotein

vRNA  Viral RNA

RBS Receptor-binding site
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RdRp  RNA-dependent RNA polymerase
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